The ligand-dependent nuclear receptor PPAR␥ plays an important role in murine and human trophoblast differentiation. Oxidized lipids, which are implicated in the pathophysiology of placental dysfunction, have recently been identified as ligands for PPAR␥. We therefore hypothesized that oxidized lipids activate PPAR␥ in human trophoblasts and influence placental function. To test our hypothesis, we examined the effect of 9S-hydroxy-10E,12Z-octadecadienoic acid (9-HODE), 13S-hydroxy-9Z,11E-octadecadienoic acid (13-HODE), and 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HETE) on PPAR␥ activity in cultured term human trophoblasts. Our results demonstrate that these lipids stimulate PPAR␥ activity and that the AF-2 fragment, which harbors the ligand-binding domain of PPAR␥, mediates this effect. Furthermore, we assessed the consequences of PPAR␥ activation by the oxidized lipids, and we found that these lipids stimulate human CG production, a measure of trophoblast differentiation. In contrast, the expression of syncytin, a marker for syncytium formation as well as the expression of the cell cycle modulators cyclin E and p27 are unchanged by the oxidized lipids. We concluded that 9-HODE, 13-HODE, and 15-HETE activate PPAR␥ in primary human trophoblasts. These PPAR␥ ligands may play a role in placental differentiation, yet they are unlikely to contribute to trophoblast dysfunction. (J Clin Endocrinol
The ligand-dependent nuclear receptor PPAR␥ plays an important role in murine and human trophoblast differentiation. Oxidized lipids, which are implicated in the pathophysiology of placental dysfunction, have recently been identified as ligands for PPAR␥. We therefore hypothesized that oxidized lipids activate PPAR␥ in human trophoblasts and influence placental function. To test our hypothesis, we examined the effect of 9S-hydroxy-10E,12Z-octadecadienoic acid (9-HODE), 13S-hydroxy-9Z,11E-octadecadienoic acid (13-HODE), and 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HETE) on PPAR␥ activity in cultured term human trophoblasts. Our results demonstrate that these lipids stimulate PPAR␥ activity and that the AF-2 fragment, which harbors the ligand-binding domain of PPAR␥, mediates this effect. Furthermore, we assessed the consequences of PPAR␥ activation by the oxidized lipids, and we found that these lipids stimulate human CG production, a measure of trophoblast differentiation. In contrast, the expression of syncytin, a marker for syncytium formation as well as the expression of the cell cycle modulators cyclin E and p27 are unchanged by the oxidized lipids. We concluded that 9-HODE, 13-HODE, and 15-HETE activate PPAR␥ in primary human trophoblasts. These PPAR␥ ligands may play a role in placental differentiation, yet they are unlikely to contribute to trophoblast dysfunction. (J Clin Endocrinol Metab 87: 1105-1110, 2002) P PAR␥ IS A MEMBER OF THE NUCLEAR receptor superfamily of proteins. Three PPAR members, PPAR␣, PPAR␤/␦, and PPAR␥, have been identified, each encoded by a separate gene (1) , and each exhibits a distinct tissue distribution. PPAR␥ is expressed predominantly in adipose tissue (2, 3) , monocytes, macrophages (4 -6) , and the placenta (7) (8) (9) (10) (11) (12) . Ligands for PPAR␥ include fatty acids (13) , oxidized low-density lipoprotein derivatives (5), the prostaglandin metabolite 15-deoxy-⌬ 12,14 -prostaglandin J 2 (15⌬PGJ 2 ) (14, 15) and the antidiabetic thiazolidinedione drugs (16, 17) . Ligand-activated PPAR␥ enhances the differentiation of several cell types, including preadipocytes (15, 18, 19) , monocytes (4) , and myoblasts (20) . In addition, PPAR␥ promotes the differentiation of diverse cancer cells (21) (22) (23) .
The main functional unit in the human placenta is the villus, in which transport of oxygen, nutrients, and waste products takes place between fetal and maternal blood across a trophoblast bilayer. Trophoblast differentiation is characterized by fusion of the mitotically active, undifferentiated cytotrophoblasts to form the nondividing, terminally differentiated syncytiotrophoblast. PPAR␥ is essential for development of murine placenta, and it regulates differentiation of murine and human trophoblasts (8, 9, 11, 12) . Specifically, placentas from PPAR␥ null mouse embryos exhibit a disrupted labyrinthine trilaminar epithelium and retain the immature characteristics of the early parenchyma (9) . These defects ultimately result in embryonic lethality at d E10. 5 . We have recently demonstrated that PPAR␥ is expressed in human trophoblasts and that PPAR␥ ligands influence trophoblast differentiation, with troglitazone enhancing differentiation and 15⌬PGJ 2 hindering this process and promoting trophoblast apoptosis (11) .
Several endogenous oxidized lipids, including 9S-hydroxy-10E,12S-octadecadienoic acid (9-HODE), 13S-hydroxy-9Z,11E-octadecadienoic acid (13-HODE), and 15S-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (15-HETE) were recently identified as ligands of PPAR␥ (4, 5) . Stimulation of PPAR␥ activity by these ligands enhances the transcription of CD36, leading to further uptake of oxidized low-density lipoprotein and differentiation of monocytes into foam cells (4, 5, 24, 25) . Oxidized lipids are particularly relevant to trophoblast biology, in which they are implicated in trophoblast injury (26, 27) . For example, preeclampsia has been associated with enhanced lipid peroxidation in trophoblasts (28, 29) . In addition, we and others have demonstrated an increase in production of 15-HETE in vitro from trophoblasts derived from preeclamptic women (30, 31) . Because PPAR␥ influences trophoblast differentiation, we postulated that oxidized lipids might play a role in this process and contribute to trophoblast dysfunction. We therefore hypothesized that oxidized lipids enhance the activity of PPAR␥ in human trophoblasts. To test this hypothesis, we examined the effect of oxidized lipids on trophoblast differentiation in vitro. We demonstrated that the oxidized lipids 9-HODE, 13-HODE, and 15-HETE activate PPAR␥ in trophoblasts, and this effect requires the ligandbinding domain of PPAR␥. Importantly, these oxidized lip-ids enhance trophoblast human CG (hCG) production, but they have no effect on other markers for differentiation of human trophoblasts.
Materials and Methods

Cell culture
Our study was approved by the human studies committee at Washington University School of Medicine. Primary human cytotrophoblasts were prepared from normal, term human placentas using the trypsinDNase-Dispase/Percoll method as described by Kliman et al. (32) with previously published modifications (33) . Cultures were plated at a density of 300,000 cells/cm 2 and maintained in Earl's medium 199 (M199) or Ham's/Waymouth medium (H/W), containing 10% FBS (HyClone Laboratories, Inc., Logan, UT) with antibiotics as described (11) . Where indicated, cultures were supplemented with 1 mm 8-Br-cAMP (Sigma, St. Louis, MO), 100 ng/ml epidermal growth factor (EGF, Upstate Biotechnology, Inc., Lake Placid, NY), 1.5% DMSO (Sigma), 250 m colchicine (Sigma), 10 m troglitazone (a generous gift from A. Saltiel, Parke-Davis, Ann Arbor, MI), 10 m 15⌬PGJ 2 (Cayman, Ann Arbor, MI), or 20 m 9-HODE, 13-HODE, and 15-HETE (all from Cayman). The concentrations of oxidized lipids and PPAR␥ ligands in the culture media were previously optimized to yield maximal responses in vitro and were consistent with published reports (5, 25) . Vehicle alone (dimethyl sulfoxide at a final concentration of 0.1%) had no effect on any of the parameters tested (data not shown).
Expression analysis
Cell lysis, sonication, 10% PAGE, and transfer were performed as previously described (11) . Membranes were incubated overnight at 4 C with primary antibody (mouse monoclonal anti-p27, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or mouse monoclonal anti-cyclin E (Novacastra Laboratories, Newcastle upon Tyne, UK). The blot was subsequently washed, incubated for 1 h with horseradish peroxidaseconjugated goat-antimouse antibody (Santa Cruz Biotechnology, Inc.), washed, and processed for luminescence using the ECL kit (Amersham Pharmacia Biotech, Arlington Heights, IL). Densitometric analysis was performed using a densitometer and ImageQuant v. 3.3 software (Molecular Dynamics, Inc., Sunnyvale, CA). To control for equal protein loading, the membranes were stripped in 12.7 m ␤-mercaptoethanol, 10% SDS, and 0.5 m Tris-HCl pH 6.7 for 30 min; washed in TBS (0.15 m NaCl, 10 mm Tris-HCl, pH 8.0); reblocked with powdered milk in TBS containing 0.2% Tween-20 for 1 h; and reprobed with goat polyclonal antiactin (Santa Cruz Biotechnology, Inc.) for 1 h, followed by incubation with horseradish peroxidase-conjugated donkey antigoat IgG secondary antibody (Santa Cruz Biotechnology, Inc.) and developed as described above.
Total RNA was isolated from primary human trophoblasts using Tri-reagent (MRC, Cincinnati, OH). The experiments were repeated using mRNA isolated from total RNA using Oligotex mRNA purification system (QIAGEN, Valencia, CA). Samples of total RNA (20 g) or mRNA (2 g) were resolved by electrophoresis using a 1% agarose/1.5% formaldehyde gel. Specific probes for Northern blot analysis of syncytin were generated by PCR using standard techniques. The forward primer was GCATAAGCTTCCCATGGCCCTCCCTTATCA and reverse primer GCATGGATCCCGCTCTAACTGCTTCCTGCT. The probes were labeled with 32 P-dCTP using a Prime-It II labeling kit (Stratagene, La Jolla, CA). RNA was transferred to nylon membranes (-Probe, Bio-Rad, Hercules, CA) and hybridized overnight at 42 C. The blots were washed five times in 2-0.1ϫ sodium chloride/sodium citrate buffer (1ϫ buffer is 0.15 m sodium chloride and 0.015 m sodium citrate) with 0.1% SDS at 65 C. Blots were exposed to a PhosphorImager (Molecular Dynamics, Inc.) screen for 2 h. The PhosphorImager's ImageQuant software was used for quantitative analysis of syncytin expression, corrected to expression of 18S.
hCG concentration determination
Culture supernatants were assayed for hCG in duplicates by ELISA (DRG GmbH, Marburg, Germany). Values represent mean hCG secreted per 24-h interval, normalized to protein.
Transient transfection and PPRE reporter assay
For PPAR␥ expression we used a mouse PPAR␥ cDNA construct (a generous gift from D. Kelly, Washington University, St. Louis, MO). The mouse and human PPAR␥ cDNA possess a 99% similarity and 95% identity at the amino acid level (34) . We used PCR to generate PPAR␥-AF-1 (aa 1-107) and PPAR␥-AF-2 (aa 163-475) fragments, which were cloned in frame between the BamHI and HindIII polylinker sites downstream from the GAL4 DNA-binding domain (residues 1-147) in the pm2 vector (35) . The PPAR response element (PPRE)x3-Luc (11) as well as the GAL4 ϫ 5-tkLuc reporter plasmids (36) were previously described. Trophoblasts were plated 1 d before transfection and transfected according to the calcium-phosphate coprecipitation method, as previously described (11, 37) . Transfection efficiency, previously determined using galactosidase detection in primary trophoblasts transiently transfected with ␤Gal expression vector, was found to be 0.5-1%. For assessment of intact human PPAR␥ activity, we used 2.0 g PPAR␥ vector or salmon sperm DNA, 0.3 g PPREx3-Luc plasmid, and 0.1 g RSV-␤-galactosidase reporter construct (to normalize for cell viability and transfection efficiency). For activity of ligand-independent (AF-1) or ligand-dependent (AF-2) domains of PPAR␥, we used 1.0 g either GAL4-AF-1 or GAL4-AF-2 fusion constructs, respectively. These were cotransfected along with 0.5 g GAL4 ϫ 5-tkLuc reporter plasmid and 0.1 g RSV-␤-galactosidase reporter construct. Luciferase assay was performed 48 h after the transfection and analyzed using a Lumistar luminometer (BMG Lab Technologies, Durham, NC). The activity of ␤-galactosidase was assayed as described (11) . All experiments were performed in duplicates and repeated a minimum of three times. Results were expressed as fold increase in relative luciferase units, corrected to ␤-galactosidase, and compared with unstimulated cultures.
Statistical analysis
Interval data are expressed as mean plus or minus se of at least three experiments, each performed in duplicates. Statistical significance (P Ͻ 0.05) was determined by ANOVA with Bonferroni post hoc test, and t test where indicated.
Results
PPAR␥ expression diminishes in undifferentiated trophoblasts
We have recently demonstrated that the expression of PPAR␥ in third-trimester human trophoblasts in vitro is maximal at 24 h of culture and is not enhanced by differentiation into syncytium (11) . To ensure that PPAR␥ is optimally expressed in our experimental conditions, we first examined whether its expression is altered by conditions known to modulate trophoblast differentiation. As shown in Fig. 1 , stimulation of trophoblast differentiation with EGF or 8-BrcAMP was not associated with enhanced PPAR␥ expression. In contrast, conditions known to hinder trophoblast differentiation, including culture in the presence of colchicine, DMSO, or H/W medium, led to a diminution in PPAR␥ expression (Fig. 1) . These data establish the pattern of PPAR␥ expression in undifferentiated trophoblasts, supporting the conditions used in our subsequent experiments.
Oxidized lipids enhance PPAR␥ activity
The oxidized lipids 9-HODE and 13-HODE stimulate PPAR␥ activity in monocytes and macrophages (4, 5) . To test whether these oxidized lipids activate intact PPAR␥ in human trophoblasts, we transfected primary trophoblasts with PPAR␥ along with the PPREx3-Luc reporter construct. All lipids tested led to a significant increase in PPAR␥ activity, compared with control ( Fig. 2A) . Because these oxidized lipids act as ligands for PPAR␥, we predicted that they would activate PPAR␥ in an AF-2-dependent manner. To confirm this prediction, we transfected primary trophoblasts with either GAL4-PPAR␥AF-1 or GAL4-PPAR␥AF-2, along with the GAL4 ϫ 5-tkLuc reporter construct. Indeed, none of the ligands tested increased the activity of AF-1, which is devoid of a ligand-binding domain (Fig. 2B) . In contrast, all three oxidized lipids markedly activated the transfected AF-2, which harbors the ligand-binding domain of PPAR␥ (Fig.  2C) . Taken together, these data indicate that oxidized lipids stimulate the activity of PPAR␥ in cultured primary human trophoblasts, and this effect is mediated through the liganddependent AF-2 domain.
Oxidized lipids influence trophoblast differentiation
Having established that oxidized lipids stimulate PPAR␥ activity in primary term human trophoblasts, we sought to determine their influence on trophoblast differentiation. Primary trophoblasts cultured in the presence of troglitazone exhibited a 4-to 5-fold increase in hCG production, relative to control cultures (Fig. 3) , pointing to an enhancement of trophoblast differentiation. Trophoblasts cultured in the presence of 15⌬PGJ 2 exhibited lower hCG production, as expected (11) . Importantly, all three oxidized lipids enhanced hCG production from trophoblasts, although the effect of 13-HODE was not significant (Fig. 3) . The addition of the PPAR␣ ligands eicosatetraynoic acid (10 m) or oleic acid (250 m) did not affect hCG production (not shown). Additionally, the PPAR␥ antagonist BADGE (38) led to a decrease in oxidized lipid-induced hCG production (not shown). These data support the notion that the effect of these ligands is mediated by PPAR␥.
We next evaluated the influence of the oxidized lipids 9-HODE, 13-HODE, and 15-HETE on additional markers of trophoblast differentiation. Syncytin, a retroviral enveloped protein, has been shown to mediate fusion of human cytotrophoblasts into syncytium, and the expression of syncytin correlates with the degree of trophoblast differentiation (39, 40) . Syncytin is expressed as two major transcripts, with sizes of 8 kb and 4 kb. Using Northern analysis we found that syncytin expression was unchanged by the PPAR␥ ligand troglitazone (Fig. 4) . In contrast, 15⌬PGJ 2 decreased syncytin expression, compared with control. These disparate results
FIG. 2.
Ligands stimulate the activity of PPAR␥ in cultured human trophoblasts. Primary trophoblasts were transfected with either PPAR␥ and PPREx3-Luc (A) or with GAL4-PPAR␥AF-1 (B) or GAL4-PPAR␥AF-2 (C) fusion proteins along with GAL4 ϫ 5-tkLuc reporter, as described in Materials and Methods. Cells were exposed to 10 M troglitazone, 10 M 15⌬PGJ 2 , 20 M 9-HODE, 20 M 13-HODE, or 20 M 15-HETE during the final 24 h of culture and then assayed for luciferase activity. Activation was normalized to ␤-galactosidase activity and represent mean (Ϯ SE) of a minimum of three independent experiments, each performed in duplicate. Results are expressed as fold increase in relative luciferase activity over control. The effect of each ligand on the activity of intact PPAR␥ (A) or GAL4-PPAR␥AF-2 (C) was statistically significant (P Ͻ 0.01). The effect of PPAR␥ ligands on the activity of GAL4-PPAR␥AF-1 was insignificant (P Ͼ 0.05). are consistent with our previous findings that 15⌬PGJ 2 hinders syncytium formation (11) . Importantly, none of the oxidized lipids influenced syncytin expression by trophoblasts (Fig. 4) . To gain further insight into the role of lipid-activated PPAR␥ in differentiation of human trophoblasts, we assessed the expression of two cell cycle regulators, cyclin E and p27, in trophoblasts exposed to PPAR␥ ligands. Cyclin E is active during G1/S progression, and it is expressed primarily in cytotrophoblasts (41) . In contrast, p27 is a cell cycle inhibitor, and it is expressed primarily in the terminally differentiated, nondividing syncytiotrophoblast (41). As expected, the level of cyclin E decreased during trophoblast differentiation in vitro, whereas the level of p27 increased (Fig. 5A ). 15⌬PGJ 2 enhanced cyclin E (3-fold) and diminished p27 expression (0.5-fold) (Fig. 5B) . Neither troglitazone nor any of the oxidized lipids influenced the expression of cyclin E or p27. Similar results were obtained at the 24-h time point (not shown). Taken together, these results indicate that although the oxidized lipids 9-HODE, 13-HODE, and 15-HETE activate PPAR␥ and enhance production of hCG in trophoblasts, they have no effect on markers of morphological differentiation in trophoblasts.
Discussion
We have recently demonstrated that PPAR␥ modulates differentiation of third-trimester human trophoblasts in a ligand-dependent manner; whereas the PPAR␥ ligand troglitazone enhances trophoblast differentiation, 15⌬PGJ 2 hinders differentiation and promotes apoptosis (11) . The experiments presented here advance these findings. We demonstrated that the oxidized lipids 9-HODE, 13-HODE, and 15-HETE activate PPAR␥ in trophoblasts, and this activation requires AF-2, which harbors the ligand-binding domain of PPAR␥. Importantly, our results also indicate that the PPAR␥-activating oxidized lipids enhance hCG production, a measure of functional trophoblast differentiation. In contrast, although the expression of the retroviral protein syncytin is enhanced during trophoblast differentiation in vitro (39) , the oxidized lipids 9-HODE, 13-HODE, and 15-HETE exhibit no effect on syncytin expression. We buttressed these findings by assessing the influence of the oxidized lipids on the expression of cyclin E and p27. Cyclins are cell cycle regulators, which bind and activate preexisting cyclindependent kinases. These kinases phosphorylate proteins necessary for chromosome condensation, cytoskeletal reorganization, and nuclear envelope breakdown (42) . Cyclin E is essential for the G1/S transition (43) . In contrast, p27 is a cyclin-dependent kinase inhibitor and therefore a suppressor of tumorigenesis (44) . We confirmed that the expression of cyclin E is higher in undifferentiated cytotrophoblasts, whereas p27 expression is higher in the differentiated syncytiotrophoblasts (41) . Importantly, none of the oxidized lipids significantly altered cyclin E and p27. Together, these findings suggest that the oxidized lipids do not influence markers of structural differentiation of human trophoblasts.
The process of trophoblast differentiation is critical for placental development and consequently fetal growth. PPAR␥ plays an important part in this process in mice and humans (9, 11, 12) . Recent information supports a role for oxidized lipids in endogenous regulation of PPAR␥ activity (4, 5, 45, 46) . Intriguingly, the same oxidized lipids have been implicated in the pathogenesis of atherosclerosis (4, 5, 47, 48) , acting via PPAR␥ to promote macrophage aggregation (4, 5) . In these lesions, oxidized lipids enhance accumulation of lipids, alter endothelial cell function and enhance proliferation of smooth muscle cells (49) . Notwithstanding, PPAR␥ activation also leads to LXR␣ activation and cholesterol re- moval from the cell using the ABCA1 transporter (50, 51) , establishing a dual role for PPAR␥ in cellular cholesterol turnover. Acute atherosis has also been described in uterine spiral arteries from pregnancies complicated by preeclampsia (52) (53) (54) , implicating oxidized lipids in this process. Moreover, trophoblast dysfunction in preeclampsia has been associated with enhanced lipid peroxidation (26, 28, 29) . Our data, however, indicate that oxidized lipids activate PPAR␥ and enhance aspects of trophoblast differentiation. This, in turn, may ameliorate trophoblast injury in these pathological conditions. Whether PPAR␥ ligands, including oxidized lipids, confer a protective role in human trophoblast function remains to be established.
